This report examines mercury concentrations in the marine environment of the Restigouche River, near a mercury cell chloralkali plant operated by Pioneer Chemicals Canada Inc. (PCI) in Dalhousie, New Brunswick. The PCI plant is a known point source of mercury in the area, but the extent of marine contamination in the Baie des Chaleurs as a result of those discharges has not been recently evaluated.
Introduction
Mercury in the environment has been of increasing concern in recent years. Although it is a naturally occurring element it often appears in non-native environments due to its use and release in a number of industries. Anthropogenic mercury releases to aquatic and marine environments are of concern because of mercury's toxicity, its persistence, and its bioaccumulative potential. There are a number of industries that contribute to local and global mercury concentrations, including coal-burning power plants, gold mining operations and chlor-alkali plants (United Nations Environment Programme 2002).
Pioneer Chemicals Canada Inc. (PCI) in Dalhousie, N.B., is currently the only chlor-alkali plant in Canada which continues to use mercury cell technology to produce chlorine and caustic soda (Trip et al. 2000) , although there are still 10 such facilities operating in the United States (U.S. EPA 2004) and 47 in European Union and accession countries (Commission of the European Communities 2002). The mercury cell technology involves the electrolysis of a brine solution (sodium salt and water) over an inclined mercury bath to produce chlorine at the anode and a sodium amalgam (sodium combined with mercury) at the cathode. The chlorine is removed from the anode, cooled, dried and compressed. The sodium amalgam is sent to a denuder or decomposer cell and a catalyst is used to promote a reaction with water to form sodium hydroxide (caustic soda) and hydrogen gas. The caustic and hydrogen are then separately cooled and the mercury is removed before proceeding to storage, sales, or other processes (United States Environmental Protection Agency 1993).
The main mercury contamination streams from PCI's chlor-alkali process are wastewater, air emissions and solid waste (NPRI 2002) . Sources of wastewater include non-contact cooling, tail gas scrubbing, cell washing, floor washing and equipment maintenance. Atmospheric emissions from chlor-alkali facilities occur from cell room ventilation, hydrogen stream and end box ventilation. Solid waste (or sludge) is generated from impurities from brine saturators, impurities from recycled brine, caustic soda product from the denuder cell, sludge from the wastewater treatment plant, and solids from cell maintenance and treated mercury butter (CEC 2002) . PCI reported releases of mercury from the chlor-alkali plant of 45.6 kg to air and 1.5 kg to water for a total annual release of 47.1 kg in 2002 (NPRI 2002) , making it the highest local point source releaser of mercury. PCI is currently the third highest emitter of mercury in New Brunswick and the fifth highest in the Atlantic region.
The mercury contaminated wastewaters from mercury cell chlor-alkali production are regulated under the Chlor-Alkali Mercury Liquid Effluent Regulations of the Fisheries Act, which limits the daily discharge in liquid effluents of a plant to less than 0.00250 kilograms per tonne of chlorine produced by the plant. Based on the rated production capacity of 94.0 tonnes of chlorine per day (Pioneer Chemicals Inc. 2002) , PCI may not discharge greater than 235.0 grams per day in liquid effluents. At the time this study was conducted, PCI was reporting a release of 0.062 g Hg/day/t Cl2 produced, or 4.95 g Hg/day, through two effluent discharge points.
Air emissions from the chlor-alkali plant are regulated under the Chlor-Alkali Mercury Release Regulations of the Canadian Environmental Protection Act as well as through New Brunswick's Clean Air Act, Section 3. According to the federal regulation, and based on the production rate of the plant, the facility is limited to a discharge of 1.68 kg Hg per day to the air. The company's Approval to Operate, issued by the New Brunswick Department of Environment and Local Government, limits releases to quantities equivalent to the federal regulation. At the time of this study air emissions reported from the facility were 0.19 kg Hg per day. Since that time PCI has implemented pollution prevention practices which are likely to reduce mercury emissions within the cell room and to the atmosphere.
Other industries in the Dalhouise area include the Bowater Pulp and Paper Mill and the Dalhousie thermal generating station. The Bowater plant does not discharge mercury in quantities that require reporting under the NPRI, nor does the thermal generating station. There is a ship yard at the Port of Dalhousie, which offers goods and services such as stevedoring, minor repairs, supplies, fresh water, fuel and a harbourmaster/wharfinger. There was also a Concentrate Handling Facility, operated by Bowater, which was located just west of the pulp mill. That facility, which was decommissioned in 1995, was used for the transfer of zinc and bulk concentrate from the mines southeast of Dalhousie (Beak Consultants Ltd. 1996) . There is a sewage treatment plant (secondary treatment), which treats wastewaters from the local hospital and discharges effluent at the end of Miller Road. In the nearby town of Charlo there is a salmon fish hatchery.
The only other significant potential source of mercury in the Dalhousie area, aside from PCI, is the historical discharge from the power station, which burned coal until 1994 and reported air emissions of 320 kg and 294 kg in 1992 and 1993, respectively.
A study in 1999 (Sensen and Richardson 2001 ) determined that, compared with similar studies (see Lodenius and Laaksovirta 1979; Makholm and Benette 1998) , lichens near PCI in Dalhousie, N.B., had accumulated more mercury than expected on the basis of reported emissions. In fact, concentrations near PCI were comparable to those near facilities that reported emissions of mercury twice as high as PCI. Sensen and Richardson (2002) cited possible reasons for the high mercury levels as: the lichens near Dalhousie are less damaged by SO2 than lichens in other cited studies and are therefore able to take up more mercury from the atmosphere; or the emissions from PCI are actually higher than reported. The Dalhousie Hydro Generating Plant was found to be a point source of mercury in the area; however it was a much less important source than PCI. Sensen recommended an examination of the marine environment, especially mussels and sediment, to monitor mercury emissions from the PCI plant.
The environmental contamination of the adjacent marine environment (Restigouche River) as a result of effluent discharge and air emissions from the PCI plant has not been well studied in recent years. This study was undertaken to evaluate the contamination of water, sediment and mussels (Mytilus edulis). In order to determine whether there was a correlation with mercury content and the health of mussels a number of biomarkers were selected for analyses. Those included: condition index, which provides a measure of overall health based on a ratio of mussel weight to shell length; zinc in the digestive gland and gonad and metallothioneins, which are used as an indicator of defence mechanisms against heavy metal exposure and oxidative stress. Other biomarkers deemed appropriate for this study were lipid peroxidation, which is a biomarker of damage resulting from the production of toxic oxygen radicals in tissues and vitellin-like proteins, which is a measure of gametogenesis in females and of the presence of xenoestrogens in both sexes.
Materials and Methods

Sediment Sampling
Sediments were collected at a total of twenty-six locations along five transects of different lengths (1.1 to 9.6 km) near the PCI plant in Dalhousie, New Brunswick (Fig. 1) . The sediments along the southeast shore near Eel River Cove (approximately 10.5 km southeast and downstream of the predominant water flow) were previously reported as being uncontaminated with mercury (Wilson and Travers 1977) ; therefore, one control station (X8) was chosen in that area.
Sampling transects A, B, C and D radiated out from the PCI plant in west, northwest, northeast and east directions, and transect E traversed the Restigouche River downstream of the plant (Fig. 1) , from the motor vessel Equinox II. The depth of water was recorded at each location by the onboard depth sounder. Sampling station locations were recorded using an onboard geopositioning system. At the majority of sites sediment cores were obtained with a Phleger gravity core sampler which had a Teflon core liner measuring 3.6 cm inside diameter. Replicate samples were collected at each site. On deck, the stainless steel barrel of the core sampler was detached and the Teflon liner which held the sediment was removed. The water was decanted and polyethylene film was placed over both ends of the tube which were then capped with PVC Caplugs. After the Teflon tube was removed and capped from the replicate core, the two sample tubes were taped together, labeled with sample numbers and stored upright in a 20-L bucket on dry ice. Cores collected were generally 7 to 8 cm in length, although three were less than 4 cm (A1, A2 and E4).
Where sediments were not sufficiently compact to collect a core, a small messenger-activated Ekman grab sampler (0.0283 m 3 ) was used. A sediment sample was taken from the top 2 cm of the grab contents using a clean spoon into a clean wide-mouth polyethylene bottle. A replicate grab was taken at each station and the samples were stored in the same manner as core samples. 
Effluent Sampling
Effluent samples were collected on October 15 and 17 from four of the five effluent pipes observed near the PCI plant. Sources of discharge through those pipes were subsequently determined by PCI staff. The first of the four locations, running from east to west, was the "main flume," which discharged cooling water (W1). The second and third (W2 and W3) were stormwater, and the fourth (W4) was a combination of stormwater and process water. The fifth observed point, the lagoon discharge, was not sampled because at the time of sampling there was no discharge stream. Grab samples of effluent from discharge pipes were collected directly into nitric acid washed 500-mL polyethylene bottles.
Biota Sampling
Mussel samples were collected at six locations along the south shore of the Restigouche River (Fig. 1) . Sample locations for mussel collection were dictated by the availability of mussels. Distances were measured off a marine chart using plotted sample locations when the sampling was finished (Table 1) . Two of the six sites (M5 and M6) were directly adjacent to the PCI plant. Sample M6 was located directly in front of the PCI plant and M5 was about 100 m to the southeast. Three of the mussel samples (M1-M3) were collected near Transect E at Inch Arran Point, Bellevue Cove and Miller Brook. Mussels collected at M1 were variable in size, and so the sample was subdivided into large (>6 cm length) and small (<6 cm length). The small mussel subset was more representative of the size of animals collected at other sites. The final sample (M4) was collected near site X8, in Charlo. No mussels were found at any of the locations examined west of PCI.
The mussel samples were collected by hand at low tide along the intertidal zone. At each sample location mussels were collected from the rocks, placed in Ziploc polyethylene bags and placed on dry ice.
Sample Preparation
Sediment samples were stored frozen at -4°C until extrusion. A stainless steel rod fitted with a nylon plug, slightly smaller in diameter than the inside of the Teflon tubing was used as a push-rod to extrude the sediment core. The push-rod was rinsed with water, acetone and hexane between samples. The cores were extruded by slightly warming the Teflon tubes under a stream of hot tap water and pushing the frozen sediment onto clean polyethylene film. The cores were then sectioned. The top section from 0 to 2 cm was kept for laboratory analysis as was the lower 4 to 6 cm section and the remainder of the core was discarded. Because of inconsistencies in numbers of samples available at the 4 to 6 cm depth, those results were not used in inter-site comparisons, only for evaluations of mercury concentration by depth. Approximately fifty individual shellfish of length 2 to 6 cm were selected for analysis from each sample location. Each sample was then subdivided; half were reserved for biomarker analysis and the other half for total mercury analysis. There were sufficient numbers of larger mussels (>6 cm) from site M1 to make up a subsample (M1-B) for biomarker analysis as well. Water samples were kept cool and dark until analysis.
Analytical Methods
Sediment analyses by autoclave digestion and cold vapor atomic absorption spectrometry. Total moisture content was determined by drying an aliquot of each sample to constant weight. A record aliquot of approximately 1 g wet was placed in a 125-mL glass bottle, to which was added sulfuric acid, nitric acid and potassium permanganate. It was then autoclaved at 125ºC and 15 psi for 15 min. Following this, sodium chloridehydroxylamine sulphate reagent was added to the bottles to reduce the excess potassium permanganate and any chlorine produced during the autoclaving. Standards were treated in the same manner as samples.
Samples and standards were pumped into an automated closed system where stannous sulfate was added to reduce the Hg 2+ in the samples to elemental mercury. The sample stream containing the mercury was pumped to a gas separator where it was sparged from solution by air into a 30-cm cell positioned in the 'light' path (254.7 nm) of an atomic absorption spectrometer. The concentration 
Water analyses by cold vapor atomic absorption spectrometry (CVAAS).
Water samples received at the laboratory were preserved with 0.1 N potassium dichromate to avoid any degradation. The principle of the CVAAS method (Agemian and DaSilva 1979) consists of oxidizing the organomercury compounds in the samples to inorganic mercury (Hg 2+ ) by sulphuric acid, dichromate and UV photo oxidation. This is an automated system which prevents the loss of volatile mercury compounds. After oxidation, the mercuric ions were reduced with stannous sulphate in hydroxylamine sulphate/sodium chloride solution to elemental mercury. The elemental mercury was sparged from solution with a stream of air passed through a cold vapor absorption cell. The mercury was determined at the 253.7 nm line by flameless atomic absorption spectrometry. The concentration of Hg was obtained by comparing instrument response to a sample with a calibration curve obtained from instrument responses to a set of standards. The detection limit for this method was 0.02 µg/L. Mercury concentrations of all samples were above the detection limit.
For quality control purposes, each run consisted of method blanks, standards, certified reference materials, spike and duplicate samples. A certified reference material (CRM) was used to monitor method efficiency and for method validation purposes (accuracy and precision). The CRM used for this project was a NIST Standard Reference Material 1641 "Mercury in Water" at concentrations of 0.056 µg/L (low) and 0.453 µg/L (high).
Mussel tissue analyses by UV digestion and cold vapor atomic absorption spectrometry. Analysis of total mercury in mussel tissue used a method of UV digestion and cold vapor atomic absorption spectrometry (ECOLIMS Method Code 0273). Mussels were thawed and all soft tissue portions removed from the shells. The tissue sample was homogenized with a blender using a stainless steel container. A portion of the blended sample was put through a multi-stage homogenization process using a Brinkmann/Kinematic Polytron homogenizer with a foam reducing generator or an equivalent system so as to end up with 0.1 g wet weight of tissue in 100 mL of solution containing 1% H2SO4 and 0.05% K2Cr2O7. The samples were placed on an autosampler and pumped through a closed system where heat, sulphuric acid, potassium dichromate and UV photo oxidation digested the sample and oxidized any mercury to Hg 2+ . The mercuric ions were next reduced with stannous sulphate and hydroxylamine sulphate-sodium chloride to elemental mercury which was sparged from solution with a stream of air and passed through a cold vapor absorption cell in the "light" path (254.7 nm) of an atomic absorption spectrometer. The concentration of mercury was obtained by comparing the instrument response of a sample with the calibration curve obtained from instrument responses to a set of standards. The detection limit for this method was 0.02 mg/kg. Analytical results were reported on a wet weight basis.
For quality control purposes, each sample run consisted of method blanks, standards, certified reference materials, spiked samples and duplicate samples. A certified reference material (CRM) was used to monitor method efficiency and for method validation purposes (accuracy and precision). The two tissue CRMs used were: DORM-1 (certified 0.80 mg/kg) and TORT-2 (certified 0.27 mg/kg) both from the National Research Council. Twelve analytical values obtained between February 28, 2001, and March 18, 2002 , showed recoveries of between 102 and 88.5%.
Biomarker analyses. Eleven to fourteen mussels of similar size from each sample site were thawed on ice in preparation for biochemical analyses. Each animal was measured (shell length in cm) and weighed (g wet weight of soft tissue) to determine its condition index (g wet weight of soft tissue/cm of shell length). Methods used to determine vitellin-like proteins in mussel gonads were similar to those as described by Blaise et al. (1999) . The methods were modified to be more sensitive, instead of fractionating lipophilic proteins in ether; these proteins were precipitated in 35% acetone. Metallothioneins were analyzed using the methods described in Viarengo et al. (1997) . Metallothionein levels were determined in the digestive gland, gonad and gill tissues of the exposed mussels. Relative levels of metallothionein-like proteins were determined by the thiol spectrophotometric assay (Viarengo et al. 1997) . After thawing on ice, the tissues were homogenized in ice-cold 25 mM Tris-acetate, pH 7.5, containing 125 mM NaCl, 1 mM dithiothreitol and 1 mM EDTA with a Teflon pestle tissue grinder (10 passes). The homogenate was then centrifuged at 12,000 x g for 30 min at 2ºC and the supernatant carefully removed from the upper lipid layer. A subsample was then mixed with one volume of 8% chloroform (in ethanol) as described. Standards of reduced glutathione (GSH) were used for calibration. The data are expressed as micromoles of GSH equivalents per mg protein.
Total proteins were determined using the method described by Bradford (1976) . The analysis of labile zinc levels in the mussels followed the same methods as in Gagné and Blaise (1996) .
Methods for the evaluation of lipid peroxidation in lipids and biological membranes were the same as described in Willis (1987) using the thiobarbituric acid method, which measures the production of malonaldehyde. Fifty microlitres of each homogenate was diluted to 1 mL with distilled water and mixed with 500 µL of 20% trichloroacetic acid solution containing 1 mM FeSO4 and 1 mL of 0.7% thiobarbituric acid. The mixture was then placed in a hot water bath (90ºC) for 10 min. Blanks and standards of tetramethoxypropane were prepared in the presence of the homogenization buffer. All assay tubes then stood at room temperature for 15 min to allow sedimentation of denatured proteins. Afterwards, a 0.2-mL aliquot was withdrawn and fluorescence was measured at 530 nm (excitation) and 590 nm (emission) using black 96-well microplates (Dynatech, fluorescence microplate reader). Results were expressed as µg of thiobarbituric acid reactants (TBARS)/mg of homogenate protein.
Results
Mercury Concentrations in Sediments from the Control Station
The two background samples from station X8 had mercury concentrations of 0.07 and 0.08 mg/kg (dry weight). For the purpose of this study the lower of the two replicates was used as a conservative local background value (0.07 mg/kg). That concentration is consistent with historical background mercury levels in the Atlantic region and in the Baies des Chaleurs area (Wilson and Travers 1977; Matheson and Bradshaw 1985) .
Mercury Concentration Variation within Sediment Samples
Mercury concentrations in the top sections (0-2 cm) of cores collected were found to be significantly lower than bottom sections (4-6 cm) according to the results of a Paired t-test (t = -3.599, p ≤ 0.001). Only 45 of 54 samples were included in the analysis, as the remainder was not sufficiently deep to collect segments at 4 to 6 cm. Of the samples for which 4-to 6-cm depth sections were available, the mercury concentrations at that depth ranged from 0.02 to 0.90 mg/kg, while the concentrations of mercury at the 0 to 2 cm samples ranged from 0.03 to 0.80 mg/kg.
Inter-site Comparison of Mercury Concentrations in Sediments
Due to inconsistencies in numbers of samples available at the 4-to 6-cm depth, the results were not used in between-site comparisons. Top (0-2 cm) sections were more consistent, and were more representative of recent mercury deposition than deeper samples. Mercury concentrations were compared with water depth for all sites, and there was no correlation between those two variables.
Transect A: west of PCI plant. Transect A had mercury concentrations that exceeded the CCME Interim Sediment Quality Guideline (ISQG) of 0.13 mg/kg (CCME 2002) up to a distance of 285 m. The highest mercury concentrations were in samples from site A-1, located about 20 m in front of the plant. Those samples had mercury concentrations of 1.96 and 0.56 mg/kg, which were about 15 and 4 times higher, respectively, than the ISQG of 0.13 mg/kg, and 28 and 8 times the background value of 0.07 mg/kg set in this study. Sample B at station A1, with a concentration of 1.96 mg/kg, was the only occurrence when the mercury concentration was above the probable effect level (PEL) of 0.70 mg/kg (CCME 2002). At 385 m (A4) from the plant, the mercury concentrations in the sediment were equal to the ISQG and at a distance of 1015 m, both samples were below the ISQG for the protection of marine estuarine life. The background level was exceeded up to a distance of 2915 m west of the plant. Mercury concentrations decreased exponentially with increasing distance from the plant (Fig. 2) . Spearman rank correlation analysis revealed that the log mercury concentration was negatively correlated with distance from the plant (p < 0.05).
Transects B and C: northwest and northeast of PCI plant. Three samples, at 0, 20 and 40 m north of PCI were common to both B and C transects. Sample AD-000 (at 0 m distance) had mercury concentrations of 0.26 and 0.72 mg/kg ( Fig. 3 and 4) , which exceeded the ISQG by 2 and 5 times, respectively, and surpassed the background level by 4 and 10 times. Mercury concentrations at 20 m (A1) and 40 m (AD-00) also exceeded the ISQG and the background concentration. One replicate at each of sites A1, AD-00 and AD-000 also exceeded the PEL level of 0.70 mg/kg for mercury in marine sediments (CCME 2002). Beyond the 40 m point, Transects B and C diverged to the northwest and northeast. Mercury concentrations in sediments along Transects B and C were elevated above the background level of 0.075 mg/kg up to a distance of 1.1 km northeast of the plant and 1.3 km northwest. Direction did not seem to have a major effect on the mercury concentrations in sediments as concentrations in both transects decreased at a similar rate (Fig. 3 and 4) . The range of mercury concentrations in the sediment sampled after the two transects diverged were very similar; 0.03 to 0.11 mg/kg for Transect B and 0.06 to 0.13 mg/kg for Transect C. Spearman rank correlation analysis indicated that log mercury concentrations along both transects B and C were negatively correlated with distance from the plant (Transect B: p < 0.05) (Transect C: p < 0.005).
Transect D: east of PCI plant. Transect D was the shortest, as it extended only 1.1 km east from PCI and had only four sampling sites. All sediment results along this transect, except for one at D1, had mercury concentrations higher than the ISQG. The highest concentrations were closest to the plant and most mercury concentrations decreased with increasing distance (Fig.  5) . At site D1, 40 m east of the plant, mercury concentrations in the replicates collected were 0.06 and 0.36 mg/kg. The mercury concentration of 0.06 mg/kg at that site was below both the background and the ISQG and was also much lower than its replicate, which was five times the background level. At the next two locations, 340 and 1090 m, the mercury concentrations remained elevated between two and three times the background levels. There was no significant correlation between log mercury concentration and distance from the plant along Transect D (p > 0.5). That was probably due to the low sample size and high variability in mercury concentration.
Transect E: southeast of PCI plant. Unlike the other transects, which were designed to establish a distance from the plant that mercury contamination was present, Transect E was designed to determine if mercury conta- mination was entering the Baie des Chaleurs. Sampling along this transect yielded low concentrations of mercury that were mostly below the mercury ISQG. Only one sample at site E3 exceeded the mercury guideline; however, all four samples from E2 (1.13 km) and E3 (2.12 km) had mercury concentrations higher than background (Fig. 14) . From E5 and E6 mercury concentrations in sediment were below the background.
The results of the sediment sampling showed that most transects originating from the PCI plant exhibited a statistically significant exponential decrease in mercury concentration with distance from the plant. Two sites along Transect E had elevated concentrations of mercury as well.
Mercury in Effluents
The analysis of effluent samples indicated discharge water from PCI contained elevated concentrations of mercury, ranging from 0.84 µg/L in W3 to 4.32 µg/L in W1. Because flow volumes in three of the five effluent streams were not reported to Environment Canada, it is not possible to estimate a total amount of mercury that might be discharged from the plant over a specific period. The reported effluent discharge from W1 and W5 (not sampled) for the month of October 2001 was 4.95 g Hg per day. All effluents contained mercury in concentrations that are known to cause impaired reproduction in sensitive aquatic organisms (Eisler 1987) . 
Mussel Tissue Mercury Content
The concentrations of total elemental mercury in the mussel tissues are shown in Table 1 . Mercury concentrations in the organisms ranged from 0.02 to 1.40 mg/kg ww, and were highest from specimens collected near the PCI plant. Mercury tissue concentration was found to be negatively correlated with distance from the plant using Spearman rank correlation analysis (p ≤ 0.05).
Biomarker study results. Biomarker analyses were mussel length, weight to length ratio (condition index), vitellin-like proteins, metallothioneins in digestive glands, labile zinc levels and lipid peroxidation determination.
The condition index [wet wt soft tissue (g)/shell length (cm)] Kruskal-Wallis ANOVA analysis indicated that stations M1, M2 and M3 had the highest condition indices (p < 0.0001) (Fig. 6) . Pearson correlation analysis revealed that condition index was negatively correlated with mercury tissue concentration (p ≤ 0.05), however there was no direct relationship between distance from PCI and condition index (p > 0.5).
Zinc concentrations were proposed as an indicator of exposure to heavy metals in this study (Gagné and Blaise 1996) . Zinc concentrations in both the digestive gland and the gonad tissue of mussels were measured (Fig. 7) . Physiological processes such as vitellin production could modulate these levels, therefore to identify site differences analysis of covariance was done using vitellins as a covariant. Although there was not a significant relationship with zinc concentrations in gonad and vitellin-like proteins (ANOVA p > 0.001) there was a significant relationship between digestive gland zinc concentrations and vitellin-like proteins (ANOVA p < 0.001). Thus, labile zinc levels were more influenced by the site in the digestive gland than the gonad. In addition, zinc in the digestive gland was positively correlated with total mercury tissue concentration (p < 0.05) and negatively correlated with distance from PCI (p < 0.05).
Data for lipid peroxidation (LPO) determination are expressed as micrograms of thiobarbituric acid reactants (malonaldehyde) per milligram of proteins. This biomarker is an indication of damage in the mussel's digestive glands Cossu et al. 1997) . In general, the results do not differ greatly from site to site. The range of standard deviations associated with the means is all within the same magnitude. However, the highest levels of lipid peroxidation were in mussels close to the plant, M6 and M5, and at site M4 (4.1-4.4 µg/mg). Mussels from M3 and M1-A also had elevated levels (around 3.5 µg/mg) while M1-B and M2 were low (near 2.8 µg/mg). Although LPO was not correlated with distance from the plant, Pearson correlation analysis indicated that LPO was positively but only marginally correlated with total mussel mercury concentration (p < 1.0) and negatively correlated with condition index (p < 0.05) and metallothionein concentrations (p = 0.05).
Metallothioneins are a class of metal-binding proteins that are inducible after exposure to Cd, Cu, Hg and Zn (Noel-Lambot et al. 1978) . The levels of metallothioneins in the digestive gland of mussels in this study (Fig. 9) ranged from a mean level of 0.018 µg/mg at M5 to 0.09 µg/mg at M3, with the lowest levels being in samples from sites in front of the PCI plant (M5 and M6) and at site M4, 12.3 km downstream from the plant.
Pearson correlation analysis revealed no correlation between metallothioneins and either distance from the plant or mussel tissue mercury content. However, metallothioneins are known be directly affected by mussel size (Amiard-Triquet et al. 1998) and mussels from M5 and Fig. 6 . Condition index [wet weight soft tissue (g)/shell length (cm)] of mussels. Data are nonparametric; Kruskal-Wallis ANOVA p < 0.0001. M6 were significantly smaller than at other sites, so analysis of covariance was performed to remove the influence of that parameter. The result was that metallothioneins were significantly lower at sites M5 and M6 than at other locations (p < 0.05). The mussel weights were indeed correlated with metallothionein levels in digestive glands but inter-site difference still remained significant. This suggests that metallothionein levels are still reduced at sites M5 and M6 even after taking into account the effects of mussel size.
The results of vitellin-like protein analysis presented may be slightly skewed since sexing the mussels was not possible, thus the background level alkalilabile phosphates in males could not be removed because the gonads were essentially in an undifferentiated stage (Gagné 2002) . The results displayed in Fig. 10 show M4, M5 and M6 had a similar amount of vitellin-like proteins, between 0.35 and 0.45 µg/mg, and M2 had the highest amount at about 0.65 µg/mg. Mussels from sites M1 and M3 had the lowest amounts of vitellin-like proteins. There was no direct relationship between gonad vitellin-like protein content and distance from the PCI plant (p > 0.95) or with mercury tissue concentration (p > 0.95), according to Pearson correlation analysis.
The biomarker data set was analyzed as a whole through principle component analysis and discriminant analysis. The principle component analysis was done to add dimension to the data and reveal the significant and independent variables which accounted for the majority of the variance in the data. The discriminant analysis compared the site locations to assess which were likely to have been responsible for observed significant variance in the physiological results. The principal component analysis revealed that 70% of the total variance was explained by the following main components: total 10 Garron et al. Fig. 8 . Lipid peroxidation concentrations (TBARS/mg proteins) in mussel's digestive gland. Fig. 7 . Labile zinc concentrations (ng Zn/mg proteins) in digestive glands and gonad tissues in mussels.
mussel weight, condition index, metallothioneins and zinc in digestive glands. Vitellin-like proteins and lipid peroxidation are not major factors. Based on the calculated results which were inputted into discriminant analysis, the groups or sites which account for the variance observed were M1, M2, M3 and M6.
Discussion
It has been previously reported that mercury concentrations in sediment near the PCI plant ranged from less than 0.1 to 8.1 mg/kg dw, with contamination occurring up to 2200 m along the shore from the plant and 1 km out from the shore off the plant (Wilson and Travers 1977) . The results from our study seem to indicate an order of magnitude less mercury in sediments compared with that study. That is further supported by the evidence from this study that mercury concentrations in deeper (usually older) sediments are greater than at the surface. Matheson and Bradshaw (1985) found concentrations of mercury in the Baie des Chaleurs from <0.001 to 0.32 mg/kg, with the highest concentrations being at those sites directly influenced by the Restigouche River (>0.2 mg/kg). Concentrations along the Quebec and New Brunswick shores were found to be generally less than 0.05 mg/kg. Those concentrations are consistent with the range of concentrations found in this study (0.03-1.96 mg/kg). Surface sediments collected by the Geological Survey of Canada in 2000 (Cranston 2000) had elevated concentrations of mercury in samples offshore of Dalhousie (0.14-0.17 mg/kg) and Belledune (0.26-0.74 mg/kg), which is also the site of a known point source of mercury (National Pollutant Release Inventory 2002) . Lower concentrations were observed in Fig. 10 . Relative levels of vitellin-like proteins in mussel gonads. Data distributions are non-parametric; Kruskal-Wallis ANOVA p < 0.0001 Fig. 9 . Concentration of metallothioneins (µg/mg proteins) in digestive gland of mussels. Data are non-parametric; Kruskal-Wallis ANOVA p < 0.001.
43 of the 44 other sites sampled throughout the Baie des Chaleurs (0.01-0.08 mg/kg).
Mercury concentrations in marine and estuarine sediments around the world vary widely due to influences by both anthropogenic and natural sources, and can range from <0.02 mg/kg to as high as 10.7 mg/kg in the northwestern United States, an area influenced by one of two major geological belts of high mercury deposit (Mitra 1986) . Ambient sediment concentrations of mercury in the San Francisco Bay area have been estimated at 0.25 mg/kg dw for sandy sediments and 0.43 mg/kg dw for muddy sediments (Gandesbery 1998; Smith and Riege 1998) . Sediments collected at 248 sites in the southern California Bight have a mean mercury concentration of 0.036 mg/kg dw, for those sites outside of the Santa Monica Bay (Schiff 1998) . Those concentrations are consistent with concentrations measured in unimpacted areas in the current study (0.03 mg/kg).
The Canadian Council of Ministers of the Environment (CCME) has published an Interim Sediment Quality Guideline (ISQG) of 0.13 mg/kg total mercury in sediments for the protection of marine and estuarine life and a probable effect level (PEL) of 0.70 mg/kg (CCME 2002). Most samples collected near the PCI site had mercury concentrations in exceedance of those guidelines (Fig. 2 to 5) .
The results of sediment sampling for this study indicated that mercury concentrations were higher than the background concentrations over an area extending 2.9 km west, 1.10 km northwest, 1.30 km northeast, 1.09 km east of the PCI plant, and from 1.13 to 2.12 km to the northeast of Miller Brook, to Bonamy Rocks. Mercury had spread farthest to the west of the plant. Elevated concentrations at sites 2 and 3 along Transect E could be a result of transportation downstream of the PCI facility, or it could be attributed to other potential sources. Historical discharges from the Dalhousie thermal generating station are likely influencing mercury levels near that facility. No sediment samples were taken from Dalhousie Harbour, East Bay or Inch Arran Point so it is not known if the mercury contamination continued along that eastern shore or stopped and then reemerged from some source near Transect E. Although mercury sediment concentrations have decreased over time, the inverse relationship between distance from the PCI plant and sediment mercury concentration is strong evidence that the plant is the point source for most of the measured sediment mercury.
Concentrations of mercury in effluent samples from all four discharge points were above levels known to cause impaired reproduction in sensitive organisms (Eisler 1987) . The drainage and effluent water samples taken from PCI, as well as monthly reports submitted to Environment Canada by the company, concluded that the chlor-alkali plant was releasing significant amounts of mercury into the bay and therefore could reasonably be thought of as a point source in the area.
Mussel tissue concentrations were also highest near the plant. Concentrations of total mercury in mussel tissue at sites M5 (1.35 mg/kg) and M6 (1.40 mg/kg) near the PCI facility, were well above the Health Canada guideline of 0.5 mg/kg mercury in commercial marine and freshwater fish (Health Canada 2003) . All other mussel samples had mercury concentrations of 0.03 mg/kg or less. Spearman rank correlation analysis indicated that mercury concentration in mussel tissue was negatively correlated with distance from the PCI plant (p < 0.05), indicating that exposure of mussels to mercury released by PCI is significantly reduced with increasing distance from the plant.
According to principle component analysis, which indicates which variables account for the majority of the variance in the data, the significant and independent variables within the biomarker study were: total weight, condition index, metallothioneins and zinc in the digestive gland. Vitellin-like proteins and lipid peroxidation were not major factors in the total variance of the data. This is corroborated by the fact that in the period of collection (October to January) reproduction is not a major activity in mussels. Vitellin-like proteins are produced in the gonads in oviparous organisms. Vitellins are the major energy reserve for the embryos and its synthesis is thought to be governed by the sex steroid hormone estradiol-17β. That biomarker was used primarily to assess the reproductive activity of mussels. It may also be indicative of the presence of environmental estrogens by measuring the protein in males and in females. This has been noted in fish species where exposure to these chemicals in the environment has resulted in the production of the female egg yolk protein vitellogenin by male fish, indicating partial feminization of these males (Sumpter and Jobling 1995) . Moreover, a recent study showed that vitellin-like proteins in males are induced in male Elliptio complanata mussels exposed for one year to a municipal effluent plume (Blaise et al. 2003) . In this study, however, the sampling time (October) made sex determination based on microscopic examination unreliable. Therefore, while vitellin-like proteins proved to be a less important biomarker than others in this study, the measurement of this reproductive endpoint in spring may prove to be more informative.
ANCOVA analysis revealed that metallothionein concentrations were significantly lower (p < 0.05) in mussels from sites M5 and M6 (high mercury concentrations). That relationship could be physiologically explained by the fact that metallothioneins could be suppressed to release essential metals such as zinc and copper for vitellins. This is a well known phenomenon in fish but has yet to be confirmed in mussels (Gagné 2002) .
The low condition index observed in mussels in front of the plant (M5 and M6) could be indicative of exposure to metals particularly because the study revealed high concentrations of mercury in the sediment surrounding the plant and in the mussel tissue at those sites. Condition index was negatively correlated with mercury tissue concentrations (p < 0.05). In addition, the elevated zinc concentrations in digestive glands were indicative of mussel exposure to heavy metals. Zinc in the digestive gland was positively correlated with total mercury tissue concentration (p < 0.05) and negatively correlated with distance from PCI (p < 0.05). Mercury exposure and uptake into mussel tissues is known to cause a displacement of zinc, increasing zinc concentrations in labile tissues (Gagné and Blaise 1996) .
Mussels at sites M5 and M6 exhibited a low condition index with a concomitant higher level of labile zinc and oxidative stress (lipid peroxidation or LPO) in the digestive gland. Lipid peroxidation assessed oxidative damage in the digestive gland usually associated with heavy metal exposure. Exposure to metals like copper, iron, cadmium and mercury, as well as pesticides, is known to augment lipid peroxidation in aquatic organisms (Prakash and Rao 1995 as cited in Blaise et al. 2002) . Lipid peroxidation concentrations in mussels in this study were found to be correlated with mercury concentration in mussel tissue and negatively correlated with distance from the plant and with condition index. The correlation of LPO with mercury concentration indicates that oxidative stress in the mussels is decreased with distance from PCI and subsequent decrease in mercury in mussel tissue. The negative correlation with condition index is a known phenomenon as mussels that are undergoing oxidative stress tend to exhibit lower weights than healthy mussels (Bauman et al. 1991; Correia et al. 2002) .
The negative correlation between metallothionein concentrations and lipid peroxidation (p ≤ 0.05) supports the theory that metallothioneins, which tend to sequester metals, may act to prevent oxidative damage (Correia et al. 2002; Gagné 2002) . In this study it is hypothesized that the lack of metallothionein induction at sites M5 and M6 contributed to increased oxidative stress. Since condition index and LPO are reduced and increased, respectively, the mussel's MT defense mechanism was not activated owing to poor health. Another possible explanation is that the mercury is not in a form that is readily available to induce metallothionein at the sites closest to the outfall, and the speciation of mercury changes in the water column to induce metallothionein at sites further from the point source. However, the levels of labile zinc (IIb metals) in the digestive gland were highest at sites closest the point source, indicating that the second possible explanation is unlikely.
The highest levels of lipid peroxidation (4.1-4.4 µg/mg) were in mussels at sites close to the plant (M6 and M5) and the site furthest away (M4). M5 and M6 also had high concentrations of mercury in tissues and all three had low levels of metallothioneins. Those results indicate that mussels at site M4 are stressed to a similar degree to those at sites M5 and M6. The absence of mercury in mussel tissues at that site indicates that the physiological effects are likely due to another contaminant, very likely another metal. There are no known potential sources of contamination in that area, but further investigation may be warranted.
This study confirmed that mercury concentrations in sediments and in blue mussels are elevated near the PCI facility, compared with other areas in and near Dalhousie. The data indicate that mussels at some sites are undergoing physiological changes which are indicative of stress, and many of those changes are correlated with mercury concentrations in the vicinity of the PCI plant.
Conclusions
The results indicate the potential for environmental impact from mercury and possibly other contaminants. It is necessary to determine which pollutant is impacting the marine environment at Charlo, as well as its source. Further studies should include an assessment of the potential risk to aquatic animals which inhabit the area.
